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The paleoelevation and size of the North America Cordilleran orogen during the late Cretaceous–
Paleogene contractional and subsequent extensional tectonics remain enigmatic. We present new 
estimates of paleorelief of the northern Cordilleran orogenic front during the middle and late Eocene 
using oxygen isotope compositions of unaltered molluscan fossils and paleosol carbonates in the 
Kishenehn basin. Bounded by several mountains ranges to the east, the Kishenehn basin was a half 
graben developed during middle Eocene to early Miocene collapse of the Cordilleran orogen. These 
mollusk taxa include three sympatric groups with affinities to wet tropical, semi-arid subtropical, and 
temperate environments. Our reconstructed surface water δ18O values vary between −19.8� and 
−6.3� (VSMOW) during the middle and late Eocene. The large differences in paleoenvironments and 
surface water δ18O values suggest that the catchment of the Kishenehn basin was at variable elevation. 
The estimated paleorelief between the basin and the surrounding mountains, based on both Rayleigh 
condensation model and predictions of Eocene precipitation isotope values using an isotope-enabled 
global climate model, is ∼4 km, and the basin floor was <1.5 km high. This high topography and high 
relief paleogeography suggest that the Cordilleran orogenic front reached an elevation of at least 4 km, 
and the crust thickness may have reached more than 55 km before Eocene gravitational collapse. We 
attribute the maintenance of high Eocene topography to the combination of an inherited thick crust, 
thermal uplift caused by mantle upwelling, and isostatic uplift caused by removing lower lithosphere or 
oceanic slab.

© 2016 Elsevier B.V. All rights reserved.
 

1. Introduction

The construction and collapse of the North America Cordilleran 
orogen reflect changes of lithosphere structure, plate tectonics, and 
mantle dynamic process. Although the tectonic history of the oro-
gen has been extensively studied, little is known about the pa-
leoelevation and size of the Cordilleran orogenic plateau during 
the Late Cretaceous–early Paleogene contractional and subsequent 
late Paleogene–recent extensional tectonics (e.g., Wernicke et al., 
1987; Constenius, 1996; Sonder and Jones, 1999; DeCelles, 2004;
Fuentes et al., 2011; Chamberlain et al., 2012; Fuentes et al., 2012;
Lechler et al., 2013). In northwestern Montana and adjacent parts 
of Canada, crustal shortening during the Late Cretaceous and 
early Eocene associated with eastward progressive displacements 
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of multiple thrust sheets, including the immense Lewis thrust, con-
structed an edifice of highly deformed Proterozoic–Mesozoic strata 
(e.g., Fuentes et al., 2011, 2012). After large-magnitude post-early 
Eocene extension, modern crustal thickness in the area remains 
high (∼40 km, Constenius, 1996; Perry et al., 2002), suggesting 
that the pre-extensional crustal thickness was very high (>50 km). 
If limited addition of high-density material occurred to the litho-
sphere during the compressional tectonics, isostatic compensation 
of such thick crust would have resulted in high pre-extensional pa-
leoelevation (>3 km) in the Cordilleran orogen (Lachenbruch and 
Morgan, 1990). Currently, the lack of accurate quantitative pale-
oelevation estimates for the Cordilleran orogenic front limits our 
ability to understand the geodynamic process that changed litho-
sphere structure.

Extensional collapse of the Cordilleran orogen in British Columbia
and northwestern Montana initiated during the early middle 
Eocene (ca. 53–48 Ma; e.g., Constenius, 1996; Mulch et al., 2004, 
2007; Foster et al., 2007), associated with the rapid drop in North 

http://dx.doi.org/10.1016/j.epsl.2016.10.038
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:mfan@uta.edu
http://dx.doi.org/10.1016/j.epsl.2016.10.038
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2016.10.038&domain=pdf


M. Fan et al. / Earth and Planetary Science Letters 457 (2017) 376–384 377
Fig. 1. A. Location of the Kishenehn basin (red polygon) with respect to the Cordillera thrust front and Eocene extensional metamorphic core complex in the western United 
States (modified from Constenius, 1996, and Foster et al., 2007). B. W–E elevation profile along the U.S. and Canada border. C. Cross section along the dashed line in A 
(modified from Fuentes et al., 2012). D. Relief map of the Kishenehn basin in relation to the nearby mountain ranges. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.)
America–Pacific plate convergence rate (Engebretson et al., 1985). 
The extension formed a network of half grabens (Constenius, 
1996), and metamorphic core complexes (Wernicke et al., 1987;
Sonder and Jones, 1999). The mechanism of extension has been 
attributed to the relaxation of horizontal stresses on the Cordillera 
that had high gravitation potential following a protracted episode 
of crustal shortening (e.g., Wernicke et al., 1987). Weakening of 
lithosphere by asthenosphere upwelling induced by lower crust 
delamination (e.g., Sonder and Jones, 1999; Liu, 2001), or removal 
of Farallon slab (Dewey, 1988; Humphreys, 1995), or a slab win-
dow (e.g., Breitsprecher et al., 2003; Haeussler et al., 2003) are 
other elements that potentially facilitated crustal spreading. Crustal 
extensional was partly concurrent with the southward migration of 
arc magmatism in the Cordillera hinterland (Humphreys, 1995), in 
particular the Absoroka–Challis–Kamloops volcanic field (Schmandt 
and Humphreys, 2011), thus may be associated with the south-
ward removal of the subducting Farallon plate (Mix et al., 2011;
Chamberlain et al., 2012). However, in the Cordillera foreland, it is 
suggested that magmatism occurred during the early and middle 
Eocene following a westward trend, in association with west-
ward rollback of the Farallon plate (Coney and Reynolds, 1977;
Constenius, 1996). In northwestern North America, extensional 
tectonics were associated with mafic magmatism in the Coast 
Mountains and Cascades, which was attributed to slab window 
opening related to the breakup of the Resurrection plate, or 
the Kula–Farallon slab window (e.g., Breitsprecher et al., 2003;
Haeussler et al., 2003). Accurate quantitative paleoelevation his-
tories during the extensional collapse of this orogen are critical to 
evaluate the geodynamic models of the extension.

Recent stable isotope paleoaltimetry studies have brought new 
understanding to the development of topography in the north-
ern Cordillera during the latest Cretaceous and early Eocene, yet 
a clear picture of the paleotopography of the entire northern 
Cordillera during the Late Cretaceous–Paleogene contractional and 
subsequent extensional tectonics can not be depicted from a few 
scattered sites over a broad region. In Alberta, oxygen isotope com-
positions of freshwater invertebrate fossils suggest that the front 
of the Canadian Cordillera may have been as high as 4.5 km dur-
ing the latest Cretaceous (Dettman and Lohmann, 2000; Fan and 
Dettman, 2009). In British Columbia, hydrogen isotope composi-
tions of muscovite formed in detachment faults of metamorphic 
core complexes suggest a paleoelevation of ∼4 km soon after the 
initiation of extensional tectonism during the early middle Eocene 
(Mulch et al., 2004, 2007). This reconstruction is consistent with 
the high late early Eocene elevation estimated by a fossil floral 
physiognomy study in northern Washington (Wolfe et al., 1998). 
The attainment of high elevation in northern Cordillera during 
the early middle Eocene may represent the initiation of a re-
newed topographic gain in the North America Cordillera, which 
migrated southward and reached southern Idaho during the lat-
est Eocene, and Nevada during the Oligocene (Mix et al., 2011;
Chamberlain et al., 2012; McFadden et al., 2015). Nevertheless, 
most of the studies focus on the Cordilleran hinterland, and no 
study has constrained the paleotopography of the Cordilleran front 
during the late Paleogene.

Here we present new oxygen isotope data from middle and late 
Eocene terrestrial and aquatic mollusk fossils and paleosol carbon-
ates in the Kishenehn basin in northwestern Montana and south-
eastern British Columbia, in combination with previously published 
stable isotope results, to reconstruct the elevation history of the 
Cordilleran orogenic front in that region (Fig. 1). The coexistence 
of three disparate types of fossil mollusks possessing distinct pa-
leoenvironmental affinities, wet tropical, semi-arid subtropical and 
temperate, suggests a broad range of paleoclimate and paleoele-
vation existed in the catchment of the Kishenehn basin during 
the Eocene. The differences of δ18O values between the alpine 
snowmelt and basinal precipitation further show that relief of the 
Cordilleran orogenic front was more than 4 km during the mid-
dle and late Eocene extension. We suggest that the persistence of 
high elevation and high relief during this episode of extension in 
the Cordilleran orogenic front was the result of mantle upwelling 
combined with the support of an inherited thick crust and associ-
ated isostatic uplift concomitant with changes in the geometry of 
the subducted Farallon plate.
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2. Geologic background

The Lewis thrust, the predominant thrust structure in the 
Cordilleran thrust front of NW Montana, SE British Columbia, 
and SW Alberta, places 6 to 7 km of Proterozoic and Lower Pa-
leozoic rocks onto a complexly deformed footwall of Paleozoic 
and Mesozoic strata (e.g., Constenius, 1996; Osadetz et al., 2004;
Fuentes et al., 2012). The youngest rocks cut by the thrust are 
Campanian in age and geochronologic and stratigraphic evidence 
suggests final motions on the thrust occurred in the latest Pale-
ocene and earliest Eocene (ca. 52 Ma; Fuentes et al., 2011). Recon-
structions of the thickness of the Lewis thrust sheet at the time of 
emplacement suggest that 4.0 to 5.5 km of Upper Cretaceous strata 
were removed prior to the initiation of normal faulting, and that 
the thrust sheet was ∼12–13.5 km thick at the time of initiation 
(Feinstein et al., 2007).

The Kishenehn basin is situated southwest of the Lewis thrust 
salient in northwestern Montana and southeastern British Columbia.
It is a narrow, asymmetric graben containing up to 3300 m of 
middle Eocene–early Miocene synextensional basin fill (Fig. 2; 
Constenius, 1988). Basin subsidence was controlled by faults of 
the Flathead listric normal fault system, which includes the Flat-
head, Blacktail and Roosevelt faults that bound the basin to the 
northeast (McMechan and Price, 1980; Constenius, 1982, 1996). 
Antithetic faults, such as the Nyack and Shepp faults, were formed 
along the southwest margin of the basin (McMechan and Price, 
1980; Constenius, 1982, 1996). Basin fills in the Kishenehn basin 
display synextensional growth, that is, a gradual flattening of dip 
in successively younger units and thickening toward faults of the 
Flathead system (McMechan and Price, 1980). Importantly, this 
combination of tectonic subsidence and related sedimentation has 
resulted in a near continuous sedimentary record of the paleoen-
vironment and paleoclimate for a period of more than 20 Myr.

Presently, the Kishenehn basin is at 1.2–1.5 km asl, and the 
basin-bounding mountains are 2.4–3.1 km high (Fig. 1). Modern 
drainage, including the three forks of the Flathead River, flows west 
and merges into the Columbia River to the west of the Continen-
tal Divide. East of the Continental Divide, drainages are to the east 
into the Missouri River or northeast into Hudson Bay. The climate 
in the study area is influenced by Continental Polar air masses dur-
ing winter time and Maritime Polar air masses from the Northern 
Pacific during the rest of the year, thus it is characterized by mild 
winters and cool summers. The Kishenehn basin has ∼400 cm 
of mean annual precipitation and the mean monthly temperature 
varies between −11 ◦C and 15 ◦C.

Our molluscan fossil samples were collected from two widely 
spaced localities in the southernmost and northern parts of the 
Kishenehn basin. The first groups are from the middle Eocene Coal 
Creek Member of the Kishenehn Formation exposed along the bank 
of the Middle Fork of the Flathead River (Fig. 2). The Coal Creek 
Member is about 1120 m thick, and contains predominantly in-
terbedded sandstone, siltstone, coal, oil shale, marlstone, and sandy 
pebble–cobble conglomerate (Constenius, 1982). The member is 
further subdivided into three sequences bounded by gradational 
contacts. The lower sequence consists primarily of open lake (pro-
fundal) lacustrine and lacustrine-deltaic deposits; the middle se-
quence consists of alternating profundal lacustrine, lacustrine delta 
and fan-delta, and paludal deposits, and the upper sequence com-
prised of lake-margin, paludal, and fan-delta deposits (Pierce and 
Constenius, 2014). Paleosol carbonate nodules were only found in 
the upper sequence. Paleocurrent directions measured in the over-
lying alluvial fan unit, the Pinchot Conglomerate Member, are all 
westward suggesting the creeks and rivers discharging into the 
basin mainly drained the Lewis thrust front during this phase of 
extension (Constenius, 1982). Vertebrate fossils present in the Coal 
Creek Member are of the late Bridgerian or early Uintan land mam-
mal stages (ca. 47–45 Ma) (e.g., Smith et al., 2003). An ash bed 
from the middle sequence of the Coal Creek Member yielded a bi-
otite 40Ar/39Ar age of 46.2 ± 0.4 Ma and a zircon fission-track age 
of 43.5 ± 4.9 Ma (Constenius, 1996). By assuming a sedimentation 
rate of ∼500 m/Myr (McMechan, 1981), We estimate the age of 
the upper sequence of the member as ca. 45 Ma.

The second group of mollusks was collected from the lower 
member of the Kishenehn Formation along the North Fork of 
the Flathead River in southeastern British Columbia (McMechan, 
1981) and northwest Montana (Pierce and Constenius, 2001). Fos-
sil mammals found in association with these mollusks are of the 
Chadronian land mammal stage (ca. 38–33.9 Ma; e.g., Russell, 
1964; Pierce and Constenius, 2001). The member contains mud-
stone, lignite, siltstone, sandstone, and conglomerate that were de-
posited in lacustrine, paludal, and fluvial environments (McMechan 
and Price, 1980). Proximal to the Clark Range in the footwall of 
the Flathead fault, the upper member of the Kishenehn Forma-
tion contains deposits of debris flows and landslide megabrec-
cias (McMechan, 1981), indicating that there was significant to-
pographic relief associated with the ancestral Clark Range.

3. Mollusks samples and their living habits

The molluscan fauna found in the Coal Creek Member and the 
lower member along the Middle Fork and North Fork of the Flat-
head River and their tributaries are described in Pierce and Con-
stenius (2001, 2014). The taxa, location and estimated ages of the 
molluscan fossils we studied are summarized in supplementary 
data table. The mollusks used in this study are from the families 
Planorbidae, Lymnaeidae, Sphaeriidae, Unionidae, Valvatidae, Vertig-
inidae. Mollusks are ideal for analysis of past climates and envi-
ronments because they have limited mobility, and genera/families 
tend to live in characteristic habitats through geologic history. The 
mollusk fossils in the study area were divided into three sympatric 
groups based on their interpreted habitats and environmental pref-
erences (Pierce and Constenius, 2001, 2014): Group I – tropical wet 
environment; Group II – semi-arid subtropical environment; and 
Group III – temperate environment. The modern analogs of the 
Group I are found in the Caribbean, Central America, and South 
America with a mean annual temperature of 25–27 ◦C, an annual 
temperature range of 3–10 ◦C, and precipitation >100 cm. The 
modern analogs of the Group II are found in the region from north-
ern Gulf of Mexico to Baja California, Central America, and South 
America with a mean annual temperature of 11–22 ◦C, an annual 
temperature range of 10–22 ◦C, and precipitation of 24–61 cm. 
Gastropods representatives of the Group III have their modern ana-
logue residing within the United States and southern Canada, with 
a mean annual temperature of 7–18 ◦C, an annual temperature 
range of 25–30 ◦C, and precipitation of ∼100 cm.

4. Methods

We conducted X-ray diffraction (XRD) analysis to representa-
tive paleosol carbonates, large specimens of the freshwater Union-
idae bivalve, Elliptio salissiensis, and aquatic gastropod, Biomphalaria 
kishenehnsis, to determine carbonate type. Samples were powdered 
using ceramic mortar and pestle. Diffraction patterns were ob-
tained using a Bruker D8 Advance Diffractometer equipped with 
Cu(Kα) radiation at 40 keV and 40 mA. Samples were scanned 
from 25◦ to 55◦ 2θ at 0.02◦ steps. Carbonate mineralogy was de-
termined based on the position of the d(104) peak. Polished thin 
sections were produced from representative samples. We exam-
ined the thin sections utilizing both polarizing and cathodolumi-
nescence microscopes to characterize their primary and diagenetic 
fabrics. A Reliotron cold cathodoluminoscope was operated at an 



M. Fan et al. / Earth and Planetary Science Letters 457 (2017) 376–384 379
Fig. 2. Geologic index map of the Lewis thrust salient and Kishenehn basin with detailed insets showing the study areas at the northern and southern parts of the basin. 
Sample sites are designated with stars. Grey lines represent drainage of the Flathead River and its tributaries. Profiles A–A′ and B–B′ are lines of cross-sections where 
reconstructions of the pre-erosional thickness of the Lewis thrust was estimated in Constenius (1996) and Feinstein et al. (2007), respectively. Figures are modified from 
McMechan (1981), Osadetz et al. (2004), and Pierce and Constenius (2014).
acceleration voltage of 8–9 kV and a beam current intensity of 
0.4–0.5 mA to examine the luminescence of carbonate cement.

We drilled carbonate from the shells using a handheld Dremel 
drill at low speed under a microscope. We avoided the matrix in 
the host rocks to ensure minimum contamination. Enough mate-
rial was collected for a measurement using the entire shell of very 
small (<2 mm in diameter) mollusks. For unionids, when possible, 
we drilled through the shell body in order to integrate isotopic 
variation and derive growth amount-weighted average isotope val-
ues. We also drilled carbonate nodules under the microscope to 
avoid sparry calcite. We measured bulk shell isotope composition 
for most of the mollusk samples, and sampled along shell growth 
bands using fragments of large (>2 cm) mollusks of Elliptio and 
Biomphalaria. All the carbonate samples were measured using a 
Gasbench II connected to a Delta V Advantage Mass Spectrome-
ter at the University of Texas at Arlington or a Kiel connected to a 
MAT 252 Mass Spectrometer at the University of Arizona. The iso-
tope values were corrected using two international standards (NBS 
18 and NBS 19). All the isotope values were reported relative to 
VPDB. The standard deviations of both carbon and oxygen isotope 
values, based on repeated analysis of in-house standards, are less 
than 0.15�.

5. Results

The studied unionid and gastropod fossils all display good 
nacreous luster, suggesting aragonite composition. XRD results ver-
ify that the Elliptio and Biomphalaria fossils with this appearance 
are composed of aragonite, while the carbonate nodules consist 
of calcite (Fig. 3). Under a polarizing microscope, the carbonate 
nodules are observed to be micritic, and the shells display annual 
growth bands (Fig. 4). Under a cathodoluminescence microscope, 
the shells have visible nacreous plates and green-gold lumines-
cence characteristic of aragonite, and the carbonate nodules display 
dense, homogeneous, and dull luminescence (Fig. 4).

The δ18O values of the Group I (tropical) aquatic mollusks vary 
between −18.6� and −5.2�, and the values of the Group I ter-
restrial gastropods vary between −15.5� and −6.5� (Fig. 5). The 
δ18O values of the Group II (subtropical) terrestrial gastropods vary 
between −18.6� and −7.0�. The δ18O values of the Group III 
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Fig. 3. XRD patterns show that the representative Elliptio bivalve, and Biomphalaria
gastropod are in aragonite, and paleosol carbonate in calcite.

(temperate) aquatic mollusks vary between −18.8� and −7.0�. 
The δ18O values of paleosol carbonate vary between −13.5� and 
−10.9�. Ancient surface water δ18O values were calculated from 
the δ18O values of Elliptio based on the regression relationship be-
tween modern river water and shell aragonite δ18O values (Kohn 
and Dettman, 2007). The surface water δ18O values were calcu-
lated from the δ18O values of other families of mollusks based on 
the mean annual temperature estimated from their modern liv-
ing relatives and oxygen isotope fractionation between aragonite 
and water (Kim et al., 2007). Note that even though the uncer-
tainty in these estimated temperatures may be large, the corollary 
uncertainty in the calculated δ18O value of surface water is rel-
Fig. 5. Stable isotope data of the studied mollusks and paleosol carbonates in the 
Kishenehn basin.

atively small. A 5 ◦C uncertainty leads to only a 1� uncertainty 
in water δ18O. We also assume that the Valvata and Lymnaea
shells are aragonite, like the vast majority of freshwater mollusks 
and species within those genera, although we were unable to 
X-ray these very small shells to determine their mineralogy. An 
error in this assumption makes a small difference in the calcu-
lated δ18O value of surface water, ∼0.8� (Kim and O’Neil, 1997;
Kim et al., 2007). This difference is very small compared to the 
Fig. 4. Paired polarized light (left) and CL images (right) of the studied Elliptio bivalve (A, B), and paleosol nodules (C, D). Note the nacreous plates and green-gold lumines-
cence of shell aragonite, and dense, homogeneous and dull luminescence of paleosol carbonate nodule. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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large variation of mollusks and paleosol carbonate δ18O values, 
thus does not influence our interpretation of the oxygen isotope 
compositions of surface waters.

Ancient basinal precipitation δ18O values were calculated from 
the δ18O values of carbonate nodules based on oxygen isotope frac-
tionation between calcite and water (Kim and O’Neil, 1997). The 
formation temperature of the paleosol carbonate was estimated 
to be 30 ◦C, which is 5 ◦C lower than the formation temperature 
of the early Eocene paleosol carbonates in the Bighorn basin ∼5◦
south of the study area (Snell et al., 2012). The 5 ◦C difference can 
be attributed to slight global cooling following the early Eocene, 
and latitude difference. The calculated surface water δ18O values 
vary between −19.8� and −6.3�. The minimum and maximum 
surface water δ18O values remain nearly the same for the entire 
study period (Fig. 5).

6. Discussions

6.1. Evaluation of diagenesis

Based on the physical appearance, XRD analysis, and petro-
graphic observations of representative samples, and the large vari-
ations of isotope values, the shells and micritic paleosol carbonate 
nodules appeared unaltered. Aragonite is metastable, and typically 
alters into calcite during diagenesis. Our XRD results show that the 
carbonate shells of Elliptio and Biomphalaria fossils remain arago-
nite, ruling out influence of diagenesis. Petrographic observations 
show that shells have well-preserved growth bands and contain 
no sparry calcite, and the carbonate nodules are mostly micritic 
(Fig. 4), suggesting diagenesis was unlikely (e.g., Machel and Bur-
ton, 1992). Significant amounts of diagenesis would tend to ho-
mogenize the isotopic composition of shells or soil nodules. The 
large degree of isotopic variability in the same stratigraphic inter-
val and within single shells suggest that diagenesis did not occur 
or is very minor in the Kishenehn Formation, and the isotope val-
ues reflect surface climate conditions.

6.2. Significance of the co-existing mollusks for paleoclimate and 
paleogeography

Modern analogs of the three climatic associations of mollusks 
are found in tropical, semi-arid subtropical, and temporal regions 
with a wide range of MAT and MAP (Pierce and Constenius, 2001). 
The unusual coexistence of these climatically disparate groups of 
mollusks during the middle and late Eocene probably reflects large 
variations in paleoclimate and paleotopographic relief between 
the basin floor and the surrounding mountains in the Kishenehn 
basin. Modern calibration studies of oxygen isotope fractionation 
in aquatic mollusks show that gastropod shell δ18O values may be 
offset from the δ18O values predicted by calcite–water equilibrium 
fractionation by ∼1� (Shanahan et al., 2005). Unionid shell δ18O 
values seem to reflect equilibrium fractionation within a restricted 
temperature range of shell growth (Dettman et al., 1999). There-
fore, mollusk δ18O values respond strongly and understandably to 
surface water δ18O values and water temperatures during mollusk 
shell growth.

As in our earlier work (Dettman and Lohmann, 2000; Fan and 
Dettman, 2009), we interpret very low δ18O values in Group I and 
III aquatic mollusk shell as reflecting rivers and lakes recharged 
by alpine snowmelt, and the snowmelt δ18O values are less than 
−15�. Higher δ18O values are associated with animals that lived 
in rivers and lakes recharged by low-elevation basinal precipita-
tion, with precipitation δ18O values in the −9 to −10� range. The 
aquatic mollusks with the highest δ18O values most likely lived in 
ephemeral streams or ponds that are recharged by low elevation 
summer precipitation, or influenced by evaporation, or both.
We use the δ18O values of paleosol carbonates in the upper se-
quence of the Coal Creek Member to estimate the oxygen isotope 
composition of basinal precipitation. The calculated value, −10.1 
to −9.0� is in agreement with estimates based on Biomphalaria
fossils presented in black lacustrine shale in the middle sequence 
of the Coal Creek Member. It is generally agreed that paleosol 
carbonates are formed during the warm and dry season follow-
ing the dominant wet season of the year, and their δ18O values 
reflect mean annual or summer precipitation δ18O values, with 
perhaps some degree of evaporation (e.g., Breecker et al., 2009;
Hough et al., 2014). Our reconstructed water δ18O values from the 
paleosol δ18O values vary between −10.1� and −7.6�, and we 
associate the lower end of this range with precipitation δ18O val-
ues that are biased toward the mean annual rainfall and lack of 
evaporation. The reconstructed lake water δ18O values from the 
Biomphalaria shell δ18O values are in the range of −13.7 to −8.2�, 
reflecting a balance between alpine snowmelt, basinal precipita-
tion, and evaporation. Aquatic mollusks with intermediate δ18O 
values lived in rivers and lakes that were recharged by both basi-
nal precipitation and alpine snowmelt and the variation in δ18O 
values reflect the relative abundances of the two sources of water.

Group I and II terrestrial gastropods have reconstructed wa-
ter δ18O values varying between −15.1� and −7.3. Studies of 
modern land snail shell δ18O values suggest that although many 
factors, such as diet, evaporation, and temperature, can influence 
shell δ18O values, precipitation δ18O value is the dominant factor 
controlling oxygen isotope ratios, and that the taxonomy depen-
dency of δ18O values is very small (e.g., Balakrishnan and Yapp, 
2004). The living habit of the Group II terrestrial snails and the 
variation of isotope values suggest that they lived in interfluvial 
areas at a range of elevations in a semiarid climate, most likely in 
the rain shadow west of the Lewis thrust front because of stronger 
Eocene summer monsoon with vapors transported from the east 
(e.g., Chamberlain et al., 2012). This interpretation is supported by 
the general westward paleoflow direction in the Kishenehn For-
mation (Constenius, 1982). The Group II land snails must have 
been washed into the basin by surface runoff. The Group I land 
snails lived in a tropical environment, which must have been 
present in low elevation riparian areas adjacent to drainages on 
the basin floor. The coexistence of the three groups of mollusks 
in the Kishenehn Formation suggests that the basin catchments 
had variable elevations and climate regimes through time and spa-
tially.

6.3. Paleoelevation of the Cordilleran orogenic front during extension

Because studies of modern aquatic mollusks suggest their shell 
δ18O values are formed in or nearly in equilibrium with sur-
face water δ18O values, we can use shell δ18O values to calcu-
late surface water δ18O values in and around the basin. From 
these water δ18O values we can reconstruct the paleoelevation of 
the basin catchments. Here we reconstruct paleoelevations using 
two approaches (Fig. 6). The first approach constrains paleorelief 
based on a thermodynamic model of Rayleigh condensation as air 
masses experienced adiabatic cooling and rain is extracted from 
the clouds (Rowley et al., 2007). Abundant geologic evidence sug-
gests a high standing Cordilleran hinterland of >2 km existed dur-
ing the Late Cretaceous–Paleogene (DeCelles, 2004; Fuentes et al., 
2011, 2012; Snell et al., 2014). In the northern Cordillera, a re-
gion of ∼4 km high with unknown relief and extent most likely 
existed to the west of the study area during the early middle 
Eocene (Wolfe et al., 1998; Mulch et al., 2007; Mix et al., 2011;
Chamberlain et al., 2012). It has been proposed that the broad 
high Cordilleran hinterland blocked atmospheric moisture trans-
ported by westerly flow from the Pacific Ocean, and promoted the 
flow of moisture from the southeast that was transported from the 
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Fig. 6. A. Paleorelief estimate based on a thermodynamic air-mass lifting Rayleigh 
condensation model (Rowley, 2007). B. Paleoelevation estimates of mountains and 
basin floor based on the predicted Eocene precipitation δ18O values at different 
elevations in the eastern flank of the Cordillera using isotope-enabled global climate 
model (Feng et al., 2013). See the text in section 6.3 for details.

Gulf of Mexico as summer monsoons (Chamberlain et al., 2012;
Feng et al., 2013). Therefore, this approach assumes that moisture 
from the Gulf of Mexico reached the northern Cordillera during the 
middle and late Eocene and underwent orographic lift leading to 
rain-out and a lowering of the δ18O values. The difference in iso-
topic composition of precipitation (�δ18O) between high-elevation 
sites and contemporaneous basin floor was calculated as the dif-
ference between the most negative river and lake water δ18O val-
ues and basinal precipitation δ18O values. Based on the modeled 
isotopic lapse rate, and considering variations of relative humid-
ity and sea surface temperature in the vapor origin area (Rowley, 
2007), the �δ18O values of −10.8 to −8.6� yield a maximum 
relief between the basin and the surrounding mountains of 4.3 ±
1.1 km (1σ) (Fig. 6A). Although the warm Eocene sea surface tem-
perature tends to increase the estimate to the upper limit (Rowley, 
2007), this effect may be canceled by the fact that the model does 
not consider vapor mixing, which tends to increase precipitation 
δ18O values in continental interior (e.g., Poulsen and Jeffery, 2011;
Feng et al., 2013). This estimate of high relief remained nearly 
stable during the middle and late Eocene based on our nearly 
constant �δ18O values. This high Eocene topography was possibly 
inherited from the latest Cretaceous high elevation of the Canadian 
Cordilleran front (Fan and Dettman, 2009).

The second approach considers vapor mixing caused by verti-
cal and horizontal advection of air masses and recycling. By us-
ing a predicted change of precipitation δ18O values derived using 
isotope-enabled global climate model (GCM), which considers va-
por mixing in the eastern flank of the Cordillera and the warm 
climate during the Paleogene (Feng et al., 2013), we constrain the 
paleoelevations of the mountains and basin floor based on the ab-
solute δ18O values of the alpine snowmelt and basin precipitation. 
The ancestral mountain ranges of the Lewis thrust front that pro-
vided alpine snowmelt to the basin, rose more than 3.5 km above 
the basin floor based on the low water δ18O values (<−15�) of 
high elevation runoff sources (Fig. 6B). The elevation of the basin 
floor, based on the reconstructed basinal precipitation δ18O values 
(−10.1 to −9.0�), was lower than 1.5 km (Fig. 6B). This high to-
pography and high relief paleogeography was maintained during 
the middle and late Eocene (Fig. 5).

6.4. Significance for Cordillera tectonics

The middle–late Eocene paleotopography of the Cordilleran oro-
genic front based on the analysis of the sympatric groups of 
mollusks and their isotopic signatures suggest that the ancestral 
mountain ranges surrounding the Kishenehn basin possessed sig-
Fig. 7. Inferred tectonic setting and estimated paleogeography of the Kishenehn 
Basin and its drainage in northwestern Montana during the Eocene. Westward mi-
gration of arc magmatism and slab rollback are based on Coney and Reynolds (1977)
and Constenius (1996). Note that mantle upwelling and isostatic uplift induced by 
Farallon slab removal or lower lithosphere delamination can equally support the 
high Eocene elevation in our study area.

nificant relief and attained elevations potentially up to 4–5 km 
(Fig. 7). Basins similar to the Kishenehn basin form a network 
of middle Eocene–early Miocene half grabens and grabens super-
posed on the Cordilleran fold-and-thrust belt that extends from 
southern British Columbia to southern Utah (Constenius, 1996). 
They are a manifestation of the overall collapse of the Cordilleran 
orogen and contemporaneous with the development of metamor-
phic core complexes in the hinterland of the orogen.

The initiation of tectonic subsidence of the Kishenehen basin 
was concurrent with the formation of metamorphic core com-
plexes (e.g., Kettle, Shuswap, Priest River) and associated exten-
sional structures (e.g., Republic, Chu Chua, and Falkland grabens) 
in orogenic hinterland of southern British Columbian, northeast 
Washington and northern Idaho (Mulch et al., 2004, 2007; Foster 
et al., 2007), mafic magmatism in the northwestern North America 
(Haeussler et al., 2003), and the magmatism in the Challis volcanic 
field during the middle Eocene (Schmandt and Humphreys, 2011). 
These overlapping geologic events have been variously explained 
as resulting from gravitational collapse of previously overthickened 
crust following crustal shortening (Wernicke et al., 1987), associ-
ated with the rapid drop in North America–Pacific plate conver-
gence rate (Engebretson et al., 1985), rollback of the Farallon plate 
(Coney and Reynolds, 1977; Humphreys, 1995; Constenius, 1996;
Chamberlain et al., 2012), lower lithosphere removal (Sonder and 
Jones, 1999), development of slab window (e.g., Breitsprecher et 
al., 2003; Haeussler et al., 2003), or a combination of these plate 
tectonic elements. Our results suggest that the elevation of the 
Cordilleran orogenic front was at least 4 km high before middle 
Eocene extension, and the extension only created low half-graben 
basins (<1.5 km) and dissected the orogen front into rugged to-
pography during the middle Eocene. This high topography and high 
relief topography in the northern Cordilleran orogenic front per-
sisted for a period of at least 12 Myr during the middle and late 
Eocene.

Our paleoelevation reconstruction in northeastern Montana, 
when integrated with the existing paleoelevation datasets, im-
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proves our understanding of paleotopography of the northern 
Cordilleran orogen during the early and late Eocene. Based on 
the δ18O value difference between unaltered unionid fossils and 
paleosol carbonates, Fan and Dettman (2009) suggested that the 
front of the Cordilleran orogenic belt in southern Canada was 
∼4.3 km high during the latest Cretaceous, and in northern Mon-
tana was ∼4.3 km high during the earliest Paleogene. Even though 
high elevation of Cordilleran hinterland and associated maximum 
crustal thickness were likely to be attained at the end of the 
crustal shortening during the earliest Eocene (Fuentes et al., 2011, 
2012), no available data directly constrain the paleotopography of 
the Cordilleran orogen during the early Eocene. Published stable 
isotope paleoelevation data in British Columbia and Washington 
(Mulch et al., 2007) and in the Cordilleran hinterland in Nevada 
(Cassel et al., 2014) suggest that the Cordilleran hinterland was 
at least 3 km during the middle and late Eocene. Paleoflora evi-
dence from the extensional basins (Republic, Chu Chua, Falkland) 
in British Columbia suggested paleoelevations of 2.5–2.9 km during 
the early middle Eocene (Wolfe et al., 1998). The existing paleoal-
timetry data seem to show a high plateau with less rugged topog-
raphy extended from British Columbia to Nevada in the Cordilleran 
hinterland, but a more rugged and dissected orogenic front during 
the middle Eocene.

The synchronous collapse of the orogenic front and the main-
tenance of a high and broad hinterland plateau during the middle 
and late Eocene have geodynamic significance for Eocene exten-
sion. The direct implication of our results is that the Cordilleran 
hinterland reached at least 4 km before gravitational collapse, and 
the crust thickness reached >55 km by assuming Airy isostatic 
compensation. The maintenance of high topography during the 
Eocene suggests that either the crust was overthickened during the 
preceding contractile tectonics, and high topography was contin-
uously supported by an extended, yet thick crust, or lithosphere 
scale extension was associated with thermal uplift caused by man-
tle upwelling related to the removal of the Farallon plate slab (Mix 
et al., 2011; Chamberlain et al., 2012), lower lithosphere delamina-
tion (Sonder and Jones, 1999), or a slab window (e.g., Breitsprecher 
et al., 2003; Haeussler et al., 2003). Given that there is no geologic 
evidence for an overthickened crust and >5 km of topography in 
the Cordilleran orogen, we speculate that the presence of high sur-
face elevations at the beginning and at least 12 Myr after the onset 
of the extension reflects an inherited thick crust supported by hot 
asthenosphere, and the persistence of high elevation must be sus-
tained by thermal uplift and possibly isostatic uplift associated 
with lower lithosphere delamination or slab removal. Addition-
ally, Neogene Basin and Range extensional tectonics, which was of 
higher magnitude than the late Paleogene extension in the Great 
Basin area (Wernicke et al., 1987), had very limited influence on 
the region north of southern Montana (Wernicke et al., 1987), sug-
gesting that the present moderate crust thickness (∼40 km, Perry 
et al., 2002) of the surroundings of the Kishenehen basin must 
have been achieved during the Eocene and Oligocene. The gradual 
cooling of lithosphere during the late Paleogene and Neogene may 
have eventually decreased the mean elevation of the study area. It 
is worth noting that although our study suggests that mantle up-
welling was critical to the persistent existence of high elevation in 
the Cordilleran orogenic front during the middle Eocene, the data 
can not directly assess whether this mantle upwelling was caused 
by lower crust delamination, removal of Farallon slab, or a slab 
window in northwestern North America. Future study may address 
this issue by examining the spatial and temporal patterns of sur-
face uplift in the area.
7. Conclusions

We constrain the paleorelief of the Kishenehn basin in the 
northern Cordilleran orogenic front during Eocene extensional tec-
tonics by studying the δ18O values of molluscan fossils and pa-
leosol carbonates. These molluscan fossils include three sympatric 
groups living in tropical wet, semi-arid subtropical, and temper-
ature environments. Careful examinations to the mollusk fossils 
and paleosol carbonates suggest that they did not experience di-
agenesis. Our results show that the δ18O values of the mollusks 
vary between −18.8� and −7.0�, and this highly variable isotope 
record lasted from the early middle Eocene to the late Eocene. The 
δ18O values of the paleosol carbonates vary between −13.5� and 
−10.9� in the early middle Eocene. By assuming carbonate forma-
tion temperatures based on the living habits of the modern analogs 
of these mollusk fossils, the calculated river and lake water δ18O 
values were in the range of −19.8� to −6.3� (VSMOW), and the 
basinal precipitation δ18O values were in the range of −10.1 to 
−7.6� (VSMOW). The large differences in ancient climatic habitats 
associated with the mollusks and in surface water δ18O values sug-
gest that the catchments feeding surface waters in the Kishenehn 
basin were at variable elevations and received different amounts of 
precipitation during the Eocene. By using a previously developed 
thermodynamic Rayleigh condensation model, and comparing re-
constructed surface water δ18O values to predicted precipitation 
δ18O values for the east flank of the Eocene Cordillera based on 
a previous isotope-enabled global climate model, the paleorelief of 
the Kishenehn basin was ∼4 km. This high topography and high 
relief paleogeography existed soon after the initiation of the ex-
tension, and continued for 12 Myr. The high topography during 
the initial collapse suggests that the elevation of the Cordilleran 
orogenic front was at least 4 km high, and the crust thickness 
may have reached >55 km before extension. The maintenance of 
high topography during the Eocene extension most likely resulted 
from the combination of an inherited thick crust from the preced-
ing contractional tectonics, isostatic rebound of the crust follow-
ing steepening and removal of the subducted Farallon plate, and 
thermal uplift caused by mantle upwelling in northwestern North 
America.
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